
Chapter 2
Microbes, Metabolites and Health

Trevor J. Lockett, Anthony R. Bird, Claus Christophersen,
Julie M. Clarke, Michael A. Conlon and David L. Topping

1 Introduction

High throughput DNA sequencing has revolutionised the analysis of complex
communities of microorganisms (microbiota). In humans, this paradigm shift,
allowing analysis of the membership of microbial communities without the need to
culture individual organisms, has spawned an avalanche of research and a number
of important collaborative programs characterising not only the catalogue of species
comprising the microbiota associated with different ecological niches in the body in
states of both health and disease (Group et al. 2009) but also their genetic potential
(Qin et al. 2010). Nowhere in the human body are the microbes more numerous or
the microbiota more complex than in the colon of the gastrointestinal tract (Savage
1977). With its trillions of bacteria, comprising over one thousand individual
microbial species present in varying abundances, the microbiota of the human gut
and the genes they carry (collectively the microbiome) provides the host with a vast
metabolic potential over and above that afforded by the 20,000–25,000 protein
coding genes of the human genome.

The composition of the human colonic microbiota is remarkably diverse between
individuals with each person’s microbiota being unique (Qin et al. 2010;
Yatsunenko et al. 2012). Despite this diversity at the taxonomic level, when
analysed for functional potential by whole genome analysis at the gene level,
conservation of bacterial genes between individuals was high suggesting that
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diverse microbial populations could deliver very similar functional outcomes for
both the microbial community and the host (Huttenhower et al. 2012).

There is growing evidence that the gut microbiota impacts significantly on the
health of the host. Animal studies have shown that the gut microbiota plays a key role
in the post-natal maturation of both the gut itself and the gut immune system (Smith
et al. 2007; Chung et al. 2012). In humans, changes in gut microbiota structure have
been associated with gut-associated disorders including: inflammatory bowel dis-
eases (Gevers et al. 2014; Frank et al. 2007; De Cruz et al. 2015) and colorectal
cancer (Garrett 2015); metabolism-related disorders such as obesity (Ley et al. 2006),
metabolic syndrome (Le Chatelier et al. 2013; Haro et al. 2016) and diabetes (Qin
et al. 2012) but also with systemic disorders including cardiovascular disease, neu-
rodegenerative diseases including Alzheimer’s (Alam et al. 2014; Naseer et al. 2014)
and Parkinson’s (Goldman et al. 2014; Scheperjans et al. 2015) diseases and
neuro-developmental and psychiatric conditions including autism spectrum disorder
(Louis 2012; Mulle et al. 2013) and schizophrenia (Nemani et al. 2015).

Of these disorders, the role of the microbiota has probably been studied most
extensively in obesity which is also a well-recognized risk factor for many of the
other chronic diseases mentioned above. Obese humans, when compared to normal
weight individuals, displayed a reduced ratio of microbes from the Bacteroidetes
phylum relative to those of the Firmicutes phylum in their faeces and this ratio
increased in obese individuals who lost weight (Ley et al. 2006). Important insights
into the functional significance of these associations have come from the use germ
free, gnotobiotic and gene mutant animal models. This same relationship of
Bacteroidetes to Firmicutes was also observed in obese mice carrying two copies of
the ob mutation in the leptin gene (ob/ob mice) relative to their ob/+ and +/+ litter
mates. In this animal model, biochemical analyses revealed that these different
microbiota varied in the efficiency of energy harvest from the diet and that both the
obese-prone and lean phenotypes was transferrable to germ free mice by colo-
nization with the microbiota from obese and lean donors respectively (Turnbaugh
et al. 2006). This same result was observed when human faecal microbiota from
female twins discordant for obesity were used to colonize germ free mice (Ridaura
et al. 2013). Mice practise coprophagy. Co-housing of mice, conventionalised with
the obese twin’s microbiota, with other mice conventionalised with the lean twin’s
microbiota prevented acquisition of the obese phenotype. Microbial community
analysis revealed that this prevention of obesity was associated with an invasion of
Bacteroidetes from the lean microbiota into the microbiota of the
obese-conventionalised animals (Ridaura et al. 2013). Interestingly this effect was
diet-dependent and was most marked when the animals were fed a diet high in fruit
and vegetables. When the animals were fed a diet high in saturated fat and low in
fruit and vegetables, levels of Bacteroidetes invasion from the lean convention-
alised animals was very low (Ridaura et al. 2013) highlighting the importance of
diet as a selective force in gut microbiota structure/function determination. While
microbial population changes associated with diseases have been extensively
studied, the mechanisms by which these changes elicit their physiological effects on
the host are just beginning to be unraveled.
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Metabolites and other products made by the gut microbiota play a key role in the
dialogue between the gut microbiota and the host. Contributions of the gut micro-
biota to the nutritional wellbeing of the host are well known and include the provision
of vitamin K, B group vitamins, B12, biotin, riboflavin, thiamine and folate (Koenig
et al. 2011; Said 2011) and amino acids (Yatsunenko et al. 2012). However, gut
microbes also make a vast array of proteins, peptides and low molecular weight
metabolites and chemically transform others of host or bacterial origin, all of which
impact on the structure and functionality of the microbiota and the health of the host
(Nicholson et al. 2012). Some bacteria help shape their local community by pro-
ducing bacteriophage or bacteriocins to kill off specific competitors. The production
of bacteriocins by commensal Escherichia coli can, for example, inhibit the invasion
of their niche by pathogenic E. coli O157:H7 (Schamberger and Diez-Gonzalez
2002). Others form feeding chains where one species performs an initial break down
of a starting nutrient source to release intermediate breakdown products that can
themselves provide substrates for other types of bacteria as exemplified using in vitro
fermentation studies to examine the degradation of dietary glycans (Leitch et al.
2007a, b) and host-derived mucins (Png et al. 2010). Others can induce the host to
create local environments that provide a colonisation and proliferation advantage for
themselves and potentially other bacteria (Collier et al. 2008), while others can have
direct effects on host functions e.g. the production of gamma amino butyric acid
(GABA) (Barrett et al. 2012), the major inhibitory neuro transmitter in the mam-
malian central nervous system (CNS) with a major role in the regulation of muscle
tone in humans. Although GABA produced peripherally does not cross the blood
brain barrier and hence is unlikely to impact on CNS functions, it may modify gut
motility and blood pressure (Inoue et al. 2003).

Likewise the host helps shape the gut microbiota through the secretion of
bioactive molecules into the lumen of the gut. Defensins, (Gallo and Hooper 2012)
secreted from the Paneth cells and most enterocytes of the gut mucosa, and IgA
(Cerutti 2008), secreted from plasma cells in the lamina propria and through the gut
epithelium, provide protection against overgrowth of many pathogenic microbial
species. Further, using a germ free/gnotobiotic maternal separation mouse model of
stress it has been demonstrated recently that stress can alter the colonic environment
leading to an altered colonic microbiota. While this altered microbiota was insuf-
ficient to recapitulate the stress-associated changes in host physiology upon
microbial transplantation to non-stressed germ free animals, transplantation was
associated with a transfer of anxiety-like behavior and behavioral despair but the
molecular effectors are yet to be defined.

So what are the key influencers of gut microbiota structure and function and how
might they elicit their impacts on health? While the gut of the near term foetus may
have some microbes present, the numbers are very low (Jimenez et al. 2008). The
mode of delivery (vaginal vs. caesarean section) impacts significantly on the
structure of the gut microbiota of the neonate (Dominguez-Bello et al. 2010) with
vaginally delivered infants developing bacterial communities resembling those of
their mother’s vaginal microbiota, while the gut microbiota of caesarean-delivered
infants’ reflected more closely those of their mother’s skin. Prior to weaning the gut
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microbiota is relatively simple, dominated by Bifidobacteria and lactic acid bac-
teria. This changes significantly with the introduction of solid food, acquiring
something close to its mature composition by the time of their first birthday
(Backhed et al. 2015; Favier et al. 2002; Koenig et al. 2011). The base microbial
population structure of a human’s colon is relatively stable through childhood and
much of adult life but begins undergoing change and simplification with aging and
associated changes in health status, diet and lifestyle (Claesson et al. 2012). Despite
this stability of an individual’s core microbiota, components still show a dynamic
response, both in composition and biological functionality, to changing dietary and
environmental conditions (Clemente et al. 2012). Diet composition, in particular the
amounts and nature of non-digestible components of the diet, can modify the of gut
microbiota markedly (Gibson and Roberfroid 1995; Flint et al. 2012). Dietary fibre
is the best understood of these. Epidemiological studies have associated diets high
in dietary fibre with a reduced risk of a number of disorders including colorectal
cancer and inflammatory bowel diseases (Hou et al. 2011). Here we discuss what is
known about dietary fibre, the early research implicating it in promotion of gas-
trointestinal health, its interaction with the gut microbiota to produce a range of
bioactive metabolites and our growing understanding of how these metabolites
elicit their associated health benefits in the host.

2 Dietary Fibre and Gut Health: A Brief History

The high community awareness of the health potential of dietary fibre is relatively
new. This interest was triggered by early work of a number of British physicians in
South and East Africa. They saw that native Africans ate a diet high in whole grain
foods and were essentially free of the non-infectious diseases which affected
Europeans living in the same geographical area who ate highly refined foods
(Burkitt 1973). Initially, they focused on large bowel disorders including consti-
pation, diverticular disease, appendicitis and related problems. They linked these
differences to their dietary fibre intakes and suggested that the disease profile of the
Europeans reflected a simple dietary fibre deficiency. These early studies relied on
observation (not measurement) and were quite limited in scope. They were limited
also by the early definition of dietary fibre as plant cell wall material resistant to
human small intestinal enzymes i.e. indigestible and largely insoluble plant mate-
rial. The total indigestibility of these non-starch polysaccharides (NSP) explained
their faecal bulking and laxating effects and protection against large bowel diseases
very neatly (Cummings et al. 1992). However, fibre (as NSP) has proved very
disappointing for protecting against other diseases of affluence, especially colorectal
cancer (CRC), where it was expected to lower risk substantially. While some
studies (e.g. the European Prospective Investigation into Cancer and Nutrition,
EPIC) have shown a dose-dependent reduction in CRC risk (Murphy et al. 2012),
others have not (Park et al. 2005; Lanza et al. 2007). The Australian paradox also
fits with these inconsistencies. Australia seems to be one of the few countries where
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fibre consumption has increased substantially over time with a reported population
average of 28 g/person/day (Baghurst et al. 1996) but CRC morbidity and mortality
rates remain high (AIHW 2012). This paradox is leading to a revision of the relative
importance of the different components which contribute to fibre intake in low risk
populations and also the way in which dietary fibre actually works in the large
bowel.

Much of the credit for the popularization of the dietary fibre hypothesis is due to
Dennis Burkitt (Trowell and Burkitt 1987) but it seems that the focus on fibre as an
indigestible bulking agent may be misplaced. It is now impossible to quantify actual
food consumption rates in the original African population. Changes due to
urbanization and higher incomes have altered the traditional rural lifestyle patterns
of native South Africans so that their activity levels and total dietary fibre
(TDF) consumption have fallen. TDF intakes have declined from an estimated 25–
35 g/person/day (2 generations ago) to 15–20 g/person/day (now) (Segal et al.
2000). One would have expected this to lead to an increase in CRC rates but this
does not seem to have happened. Comparison of the diet of indigenous Africans in
South Africa and African Americans in the United States shows that they are quite
similar in their low TDF content (O’Keefe et al. 2007) but the latter have one of the
highest global rates of CRC of any ethnic group. One suggestion is that the high
content of animal products in the African American diet is responsible. It is true that
CRC risk has been linked to greater consumption of red and processed meat (Norat
et al. 2005) but the work of Walker and others suggest very strongly that the type of
fibre consumed by Africans may be equally important (Walker et al. 1986). The
original concept underpinning the differential in disease risks was the high whole
grain consumption of the Africans. Put simply, the notion of “fibre” came later,
essentially as roughage (Topping and Illman 1986). However, it has emerged that
the culinary habits of the Africans are an important factor. Many native South
Africans consume reheated or cold maize porridge on a daily basis, particularly in
rural areas. Cooking gelatinises the starch, increasing its small intestinal
digestibility but cooling leads to self-association of the chains. This process (ret-
rogradation) leads to resistance to amylolysis i.e., the formation of resistant starch
(RS). Resistance to amylase is a key feature of TDF meaning that RS is also a fibre
component. It has been shown that hot traditionally cooked maize meal contains
18 g of RS/100 g while cooked and cooled maize contains a higher RS content than
that of a hot maize meal (Heneker et al. 1998). Cooking is not the only factor. The
amylose content of South African maize is 37–40 % of total starch which is rela-
tively high (37.1–39.9 %) (van der Merwe et al. 2001). Amylose is a relatively
compact starch polymer which is slower to gelatinize than amylopectin and also
quicker to retrograde meaning that it is digested more slowly than low amylose
starches and also yields more RS in food products.

One of the most important observations driving the reappraisal of the relative
importance of fibre (i.e., NSP and RS) was the lack of relationship between TDF
and bowel habit in native South African children. This has led to the current focus
on the role of the microbiota in human health, specifically through the production of
short chain fatty acids (SCFA). Knowledge of the existence of RS is not new nor is
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the presence of SCFA in the large bowel of omnivores (Elsden et al. 1946). It was
known that TDF polysaccharides are lost during whole of gut transit (Schneeman
1986). For NSP, the extent of loss varies by source and ranges from *0 (for
cellulose) to >90 % for pectin. In contrast very little starch appears in normal
human faeces which, coupled with its susceptibility to amylolysis, gave the obvious
conclusion that small intestinal starch digestion was complete. The existence of
potentially significant levels of indigestible starch (i.e., amylase resistant starch—
RS) in foods was shown by Englyst and colleagues (Englyst et al. 1982). There was
earlier (indirect) evidence from Levitt’s laboratory (Anderson et al. 1981) in intact
humans showing that, following consumption of a low-fibre convenience cereal
product, breath H2 evolution rose significantly. Breath H2 is a marker for large
bowel fermentation and their observations can now be interpreted as showing the
presence of RS and also that fermentation was occurring. Both are now established
as significant factors in human gut physiology (Topping and Clifton 2001). RS is
defined in terms of starch which escapes into the large bowel and the products of its
fermentation. RS is today recognized as a component of fibre and not a separate
entity.

There are striking similarities between large bowel fermentation by the micro-
biota of humans and other omnivores and that of obligate herbivores (Topping and
Clifton 2001). The end products are similar i.e., SCFA (principally acetate, pro-
pionate and butyrate), gases (CH4, H2 and CO2) and the energy to fuel bacterial
growth. In humans and relevant model species (most notably pigs), SCFA levels are
highest in the proximal large bowel and decline with passage of the digesta stream.
This is consistent with the high production rates in the caecum and proximal colon
i.e., where substrate availability is greatest. The fall in SCFA levels along the colon
reflects substrate depletion but also their uptake by the large bowel so that <10 % of
total production is excreted in faeces. This distributional profile has very important
implications for gut health and is believed to relate to the higher prevalence of
non-infectious disease in the distal colon and rectum (Topping and Clifton 2001;
Cats et al. 1996).

SCFA have a number of general effects which contribute to large bowel health
(Topping and Clifton 2001; Brouns et al. 2002; Wong et al. 2006). Their production
acidifies the digesta which inhibits the overgrowth of potential pathogens and limits
the absorption of potentially toxic compounds e.g. NH3. The latter cannot enter
colonocytes as NH4

+ so lower pH values limit their exposure to this and other
cytotoxic and genotoxic agents (Topping 2007). A study in normal humans con-
suming their usual diets with supplements of NSP or NSP + RS showed an increase
in faecal NH3 excretion which correlated closely with greater butyrate excretion
(McOrist et al. 2011). This is consistent with diminished absorption by (and less
exposure to) colonocytes. SCFA enhance visceral blood flow through dilation of
resistance vessels in the colon which facilitates O2 supply (Topping and Clifton
2001). The history of research in dietary fibre is littered with misconceptions,
revisions and reappraisals. The current focus on the microbiome is another case in
point. The emergence of modern technologies has given us an opportunity to
identify the species which are present and how they are altered by diet. Previously,
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this was almost impossible using the techniques of traditional microbiology.
However, it should be noted that it is the products of bacterial action in the large
bowel which influence human health. While they have these general effects, the
individual acids have specific actions which benefit visceral function, health and
wellbeing.

3 Dietary Fibre: a Complex Mixture

Dietary fibre is not a single entity but an umbrella term for a large, diverse group of
substances, predominately but not exclusively carbohydrate polymers of plant
origin, that pass through the small intestine and undergo partial or complete fer-
mentation in the colon.

The global consensus definition of dietary fibre (Codex 2010), has broadened
from a botanical and structural focus (plant cell wall polymers) and now captures
other salient properties of fibre, notably compositional diversity and physiological
functionality.

The major classes of dietary fibre are NSP, RS and non-digestible oligosac-
charides although inclusion of the latter can vary with jurisdiction (Codex 2010).
Fibre also includes analogous compounds, non-digestible carbohydrate polymers,
of animal origin, and plant secondary metabolites that are intimately associated with
plant cell wall polysaccharides, notably lignin.

Fibres, both natural and synthetic, differ markedly in their physiological prop-
erties and capacity to promote human health (Dahl and Stewart 2015; Bird 2007;
Cummings and Stephen 2007; Buttriss and Stokes 2008; Brownlee 2014; Edwards
et al. 2015). While physiological functionality is included in the definition of fibre,
it is applied only to foods containing carbohydrate polymers sourced from either
raw food materials or chemically synthesized. A demonstrable beneficial physio-
logical effect in humans is a requirement for foods to be advertised as containing
added/functional fibre.

A prerequisite property and defining feature of fibre is that it is potentially
fermentable by colonic microbiota. In recent times there has been growing scientific
and commercial interest in highly fermentable fibres, notably non-digestible
oligosaccharides and resistant starches, owing to their favourable effects on gut
microbiota composition and activity, and host health (Bird 2007; Conlon and Bird
2015; Bird and Topping 2001; Broekaert et al. 2011, de Menezes et al. 2013).

NSP, mainly cellulose and hemicelluloses, and lignin, are the fundamental
structural elements of plant cell walls and have been integral to all descriptions of
dietary fibre (Miller Jones 2014). Cellulose and hemicelluloses are widely dis-
tributed in the plant kingdom and are ubiquitous in the plant foods that humans eat.
NSP typically comprise long chains of monosaccharides, mostly glucose moieties,
joined by b-1,4 linkages. Cellulose is a high molecular weight homopolymer
consisting of linear b-1,4 linked-chain of glucose units. The chains are closely
packed and the hydrogen bonds that form between adjacent chains ensure that this
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structure is highly resistant to digestion by human hydrolases, which specifically
attack monosaccharide units linked by a-1,4 and a-1,6 bonds (Tungland and Meyer
2002; Englyst et al. 2013). Hemicelluloses, in contrast, are smaller, branched,
heteropolymers comprising a variety of monomeric units, commonly xylose and
arabinose, and mannose, glucose, rhamnose and glucuronic acid, joined by various
types of chemical bonds. Hemicelluloses comprise a large variety of glycans, both
water insoluble and soluble (Tungland and Meyer 2002; Englyst et al. 2013).

NSP generally conform to the notion of “insoluble fibre” and are concentrated in
highly fibrous foods such as cereal brans (Bird 2007). Fibres such as b-glucans and
arabinoxylans tend to be water soluble (water extractable). Other examples of
soluble non-starch polysaccharides include gum arabic (acacia gum), guar gum,
psyllium, pectins and alginates (Tungland and Meyer 2002; Englyst et al. 2013).
However, solubility is not strictly a fixed property. Mixed-linkage glucans, such as
those found in oats and barley, exhibit varying degrees of solubility depending on
the source, analytical methodology and grain processing (Tosh et al. 2008;
Agbenorhevi et al. 2011).

RSs are starches which escape small intestinal digestion. Like highly digestible
starches, RS is a polymer of glucose monomers joined a-1,4 and a-1,6 glycosidic
linkages at branch points and hence are not intrinsically resistant to digestion by
enteric enzymes of humans. Rather they are rendered less accessible to the amylases
of the upper gastrointestinal tract by some feature of the starch itself, e.g. its
physicochemical state and/or the physical complexity of the food matrix in which
the starch is presented e.g. whole grains or some feature of the host e.g. compro-
mised dentition or a rapid food transit through the upper GI tract (mouth, stomach,
small intestine) (Bird et al. 2000). In particular, the duration of exposure of ingested
starch to hydrolytic processes in the upper gut, which is governed by gut motility
and digesta transit rate, is a major determinant of the amount of dietary starch
reaching the colonic microbiota. RS therefore represents the sum of the undigested
starch and intermediates of starch digestion that are not absorbed in the small
intestine and hence enter the large bowel of healthy humans (Bird et al. 2010,
2012). While most fibres are reasonably stable to culinary practices, RS can be
formed or easily depleted by cooking and other processes involved in food pro-
duction and preparation (Bird et al. 2012).

Non-digestible oligosaccharides are important contributors to the total fibre
content of many plant foods. They are low molecular weight fibres that have a
degree of polymerization (chain length; DP) between 3 and 9 (de Menezes et al.
2013; Englyst et al. 2013). Fructans are polyfructoses consisting of 3–20 units with
a terminal glucose unit (Gibson et al. 2004; Roberfroid 2005). Food sources rich in
fructans include Jerusalem artichoke, onions, garlic and bananas. Legumes, such as
soybeans, contain galactooligosaccharides (raffinose, stachyose and verbascose)
(Muir et al. 2009). Cereal fructans consist of straight and branched chain fructose
polymers (Jenkins et al. 2011). Commercial sources of dietary fructans, commonly
derived from chicory, inulin and fructooligosaccharides (FOS), are extensively used
as food ingredients (Roberfroid 2007). Inulin is a large molecule with a DP of
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between 2 and 60 fructose residues whereas FOS comprises smaller molecules with
a DP between 2 and 8. ‘Oligofructose’ is a partial enzymatic hydrolysate of inulin.

Fibre also encompasses a range of other plant substances, including lignin, cutin,
waxes, suberin, tannins, saponins and phytosterols, that are naturally associated
with botanical cellular structures (Bird 2007; Englyst et al. 2007; Miller Jones
2014). Lignin is a heterogenous polyphenolic ether, not a carbohydrate, that is
covalently bonded to cellulose (Tungland and Meyer 2002). Most of these sub-
stances are quantitatively minor constituents of human diets and are not metabo-
lized extensively by the gut microbiota (Topping and Clifton 2001). However, they
may impair fermentation of plant structural and storage polysaccharides (Stephen
1994; Edwards et al. 2012).

In certain disease settings, dietary carbohydrates that are normally digestible in
the upper gut (‘available carbohydrate’) can also make their way to the colon and
essentially function as dietary fibre. For instance, lactose can be an important
substrate for the microbiota in those individuals with lactase deficiency (Deng et al.
2015; Lukito et al. 2015; Wahlqvist 2015; Windey et al. 2015). The contribution of
this carbohydrate is dependent on the degree of lactase deficiency. Other bowel
diseases and conditions that compromise the functional capacity of the upper gut,
such as celiac and Crohn’s diseases, will also increase the amount of malabsorbed
carbohydrate, and other dietary constituents, reaching the colonic microbiota
(Conlon and Bird 2015).

Physicochemical and functional properties of fibre, including solubility in water,
viscosity and gel formation, and water holding capacity, have formed the basis of
various classification schemes. Soluble/insoluble fibre classification has proven
popular, however it is inconsistent with the accepted definitions for fibre and is an
unreliable predictor of physiological function. ‘Solubility’ relates to an in vitro
environment, not the gut lumen. The proportion of fibre that is solubilised is often a
function of the assay conditions used and in many instances the results are method
specific (Cummings and Stephen 2007; Englyst et al. 2007). The proportion of
soluble fibre can also change during food processing and passage of the fibre
through the upper gut (Arrigoni 2001; Comino et al. 2016).

Dietary fibres can be classified on their fermentability (Dahl and Stewart 2015;
Slavin 2001). But, gauging the rate and extent of fibre fermentation in vivo is
challenging, which is why knowledge of fermentation of fibre-rich substrates is
based largely on studies deploying in vitro techniques. These commonly use human
faecal inocula in static and flow-through incubation systems to simulate conditions
and events in the complex, anaerobic and highly dynamic micro-ecosystem of the
large bowel. As such, they provide limited indicative data on fibre degradation by
the colonic microbiota.

Generally, about 70 % of the fibre that is consumed by people on mixed diets is
considered to be fermented to completion in the colon (Slavin 2001; Topping and
Clifton 2001). However, individual fibres vary markedly in their fermentability
although most are partially fermentable. Water soluble fibres, such as those from
vegetables & fruits, are usually more easily fermented compared to insoluble fibres,
such as cellulose, which is quite resistant to fermentation. For instance, only about
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30 % of the fibre contained in wheat bran is fermented completely in humans
(Topping and Clifton 2001). Not surprisingly, degradation of the smaller molecular
weight carbohydrates and soluble NSPs occurs in the more proximal regions,
whereas the breakdown of fibre that is more difficult to ferment occurs further along
the large bowel. In general, the colonic microbiota metabolises individual fibres in
the following order: mono- and oligosaccharides are preferentially fermented fol-
lowed by starches, soluble NSPs (soluble b-glucans, arabinoxylans) and then
insoluble NSPs (Bach Knudsen 2015). However, there are many exceptions to the
rule.

There are myriad factors that influence the rate and extent of fermentability of
carbohydrates aside from the colonic microbiota per se. Physicochemical attributes
are the primary intrinsic determinants, notably chemical structure (monosaccharide
composition, linkage type) and molecular size (chain length) but diet, food form
(matrix and particle size) and physiological factors that alter the gut microbial
habitat, such as digestive and absorptive capacity and digesta transit time, are also
important, as is the amount (dose/concentration) and composition of
fibre-containing foods in the diet.

The fibre content of most western diets is exceedingly low and consequently, so
too are fibre intakes. Many populations consume inadequate amounts of fibre,
falling well short of intake targets recommended by health authorities (i.e., *14 g
total fibre/1000 kcal or *30 g dietary fibre/day for an adult) (Dahl and Stewart
2015; Baghurst et al. 1996). Furthermore, there is a limited diversity of fibre
components in most modern diets. Insoluble NSP predominate (Baghurst et al.
1996; Conlon and Bird 2015). Oligosaccharides are consumed in much smaller
amounts, whereas resistant starch is essentially nonexistent in most modern diets
simply because modern processed and staple foods contain only small amounts
(Bird et al. 2012).

Ancestral hunter-gatherer diets provided five times more fibre than do contem-
porary diets (Eaton 2006, Leach 2007). The range of fibre sources would also have
been considerably greater than that consumed by modern populations, which
suggests that our early forebears harboured a much larger, richer and more diverse
gut microbiota.

Cereals and cereal products are the major source of fibre for most human pop-
ulations, but the variety of cereal sources is limited (Baghurst et al. 1996). Wheat
predominates and its increasing worldwide popularity explains why insoluble NSP
such as cellulose and arabinoxylans, are the major type of dietary fibre for most
people. Fruits and vegetables are the next most important source of fibre but they
too tend to supply mainly NSP (Baghurst et al. 1996). There is also an increasing
range of synthetic fibres (e.g. chemically modified resistant starches such as
cross-bonded starches) in processed foods. Most are derivatives of plant polymers.

NSP account for the major portion of dry matter (20–45 %; equivalent to 10–
25 g/day) supplied to the colon of individuals consuming western diets (Conlon and
Bird 2015). Monosaccharides and oligosaccharides account for a further 10 %, and
RS, which includes partial hydrolysis products, is unlikely to be more than 10 %
(Conlon and Bird 2015); Small quantities of sugar alcohols also serve as
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fermentable substrates but the amount and type is very much diet dependent
(Grembecka 2015; Halmos et al. 2015; Muir et al. 2009; Tennant 2014).

Interactions between different fibre components in a food as well as its physical
form (matrix), in particular the structural integrity of plant cell walls, will influence
the rate and extent of fermentation of the component fibres. Milling, processing,
preparation and storage conditions of foods can alter their fibre content and func-
tionality and hence their impact on the gut microbiota (Tuohy et al. 2012). For
instance, soluble fibre may be lost through leaching during the cooking process.
Heat treatment may solubilise certain fibres, thereby increasing the ratio of soluble
to insoluble fibre. Short chain fructans can be degraded by yeast enzymes and also
exposure to acidic conditions. A sufficiently large particle size is needed to ensure
an intact cell wall structure resists extensive fermentation. Coarse bran loses both its
water holding capacity and some of its laxative effects when it is finely ground
simply because it is more extensively fermented in the large bowel (Topping and
Bird 1999).

Another important consideration is functional capacity of the upper gut. Small
intestinal digesta transit rate and nutrient assimilation can differ markedly among
people. For instance, some individuals are especially efficient in digesting and
fermenting starch (Thornton et al. 1987). Furthermore, some fibres may undergo
degradation in the upper digestive tract owing to the action of bacterial glycanases
in that region of the gut (Bach Knudsen 2015). However, the loss of fermentable
substrate is probably small.

Poorly fermented carbohydrates may alter the metabolic capacity of the gut
microbiota through various mechanisms. For instance, by acting as a physical
scaffold for colonic microbes, resident and transitory, it may facilitate the fer-
mentation process. Fibres in general also influence fermentation events by aug-
menting intestinal motility and flow of the faecal stream (Topping and Bird 1999;
James et al. 2015).

4 Dietary Fibre and Its Interaction with the Gut
Microbiota

The dietary fibres described in the previous section have distinct effects on the gut
microbiome. This can be because of their solubility, structure or where in the gut
the fibre is fermented. This differential effect will lead to selection of certain groups
of bacteria, specific fermentation outputs, like SCFA and gas production, and likely
inhibition of pathogenic bacteria.

Some of the most widely studied prebiotic fibres are inulin, fructooligosaccharies
(FOS) and galactooligosaccharides (GOS) with the latter two encompassing
numerous different types of fibres. All of these fibres are soluble and highly fer-
mentable which means they are fermented in the terminal ileum or the proximal
colon (Eswaran et al. 2013). FOS and GOS were both found to have a bifidogenic
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effect and increased levels of Lactobacillus in both animals and humans (Davis
et al. 2011; Djouzi and Andiueux 1997; Kleessen et al. 2007a). These effects were
accompanied with higher levels of SCFA and a lower pH in the large bowel,
however FOS were found to favour an increase in butyrate whereas GOS advocated
for higher propionate levels (Djouzi and Andiueux 1997). FOS and GOS also had
differential effects on gas production in rats, with FOS feeding increasing both
hydrogen and methane excretion, but GOS only induced higher methane excretions
(Djouzi and Andiueux 1997). Inulin seems to have differential effects in animals
and humans. This difference was found albeit using a human microbiota-associated
rat model. In the rat model, no difference in Bifidobacterium spp. was observed after
inulin intake, but higher levels of fibre degrading bacteria Roseburia spp. and
Eubacterium rectale were observed and a reduction in potentially pathogenic
bacteria (Clostridium spp.) (Kleessen et al. 2007a; Van den Abbeele et al. 2011).
SCFA concentrations increased and pH levels reduced with inulin intake in ani-
mals. Human intervention trials have not been able to replicate these changes. In
these studies, higher levels of Bifidobacterium, Faecalibacterium prasnitzii,
reduced numbers of Bacteroides-Prevotella and potentially pathogenic bacteria
were observed (Kleessen et al. 2007b; Ramirez-Farias et al. 2009; Costabile et al.
2010). In a later study, Ramirez-Farias et al. (2009) showed that it was certain
species of Bifidobacterium; B. adolescentis, B. longum and B. bifidum that changed
with inulin intake. Another significant difference between the animals and human
studies was the absences of changes observed in faecal SCFA levels in humans
given inulin (Kleessen et al. 2007b; Costabile et al. 2010). Another way to evaluate
the effect of certain fibres is to remove them from the diet. This was done by
Halmos et al. (2015) in a randomised control crossover trial of a low Fermentable
Oligo- Di- and Monosaccharides And Polyols (FODMAP) diet (no inulin) and a
diet containing a typical level of FODMAP’s found in an Australian diet. This study
showed that by avoiding FODMAP the overall bacterial abundance, and the relative
abundance of Clostridium cluster XIVa (butyrate-producing bacteria) and the
mucus-associated bacterium Akkermansia muciniphila was reduced. However,
these changes did not result in differences in faecal SCFA levels, although pH was
higher on the low FODMAP diet.

A possible reason for not noticing any differences in faecal SCFA levels may
well be because >95 % of the SCFAs produced in the human colon are taken up by
the gut epithelia (Kleessen et al. 2007b; Costabile et al. 2010). This does not
exclude that there might be a difference in SCFA levels in the proximal colon
however, when SCFAs are measured in faeces, levels are diminished due to uptake
along the colon.

RS, can also change the gut microbiome and the metabolic components pro-
duced, however the RS type plays an important role. All of the RS types are
generally digested in the proximal and the transverse colon, but some are digested
throughout the colon like RS type 1 and 4 (Clarke et al. 2011b; Eswaran et al.
2013).

Animal studies have revealed great benefit and potential for RS as a prebiotic
fibre. A limited number of studies have been conducted using RS type 1; in animals
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(rats), this type of RS did promote higher abundances of Bifidobacterium spp. and
increased SCFA levels at month five compared to control (Kleessen et al. 1997).
The RS type 2 fibre is often used in animal studies and seems to have a broader effect
on the gut microbiota. It was shown in rat and pig studies that RS type 2 can increase
the abundances of Bifidobacterium spp., Lactobacillus spp., Enterobacteriaceae and
Ruminococcus bromii compared to control animals (Conlon et al. 2012; Abell et al.
2011; Kleessen et al. 1997; Le Blay et al. 1999; Martin et al. 1998). These microbial
changes were accompanied by higher SCFA levels due to RS type 2 feeding with
certain studies observing specific increases in propionate (Conlon et al. 2012; Abell
et al. 2011) and butyrate (Conlon et al. 2012; Abell et al. 2011; Le Blay et al. 1999;
Martin et al. 1998) excretion. RS type 3 have also been shown in rat and pig studies
to select for Bifidobacterium spp., Lactobacillus spp. and Faecalibacterium
prausnitzii, but lower the abundances of gamma-Proteobacteria (Conlon et al. 2012;
Haenen et al. 2013). Again, these microbial changes were in conjuction with
increased SCFA levels, especially butyrate and propionate. The gut microbiota can
also be modified with RS type 4 with a rat study conducted with chemically modified
RS showing increases in Lactobacillus spp. and Parabacteroides distasonis com-
pared to control (Abell et al. 2011). This study also recorded increases in SCFA
levels.

Human studies have confirmed many of the changes observed in the animal gut,
however with a high inter-individual variation for both microbial and biochemical
composition. Studies in humans are generally conducted using RS type 2, 3 and 4.
RS type 2 and 3 have very similar effects in the human gut promoting higher levels
of R. bromii, F. prausnitzii and E. rectale compared to a Non-Starch Polysaccharide
(NSP) control (Abell et al. 2008; Martinez et al. 2010; Walker et al. 2011). For two
of these studies, SCFA were also measured and the RS consumption was associated
with higher levels of faecal SCFA levels, especially butyrate (Abell et al. 2008;
Walker et al. 2011; McOrist et al. 2011). This increase in faecal butyrate levels
successfully correlated with the increasing faecal abundance of F. prausnitzii and E.
rectale (Abell et al. 2008; Walker et al. 2011). Human research studies have been
conducted with RS type 4 showing beneficial effects on the gut microbiota with
higher abundances of Actinobacteria, Bacteroidetes and a reduction in Firmicutes
(Martinez et al. 2010), more specifically Clostridium cluster XIVa and IV,
Lactobacillus, B. adolescentis, P. distasonis and R. bromii (Clarke et al. 2011b,
Martinez et al. 2010; West et al. 2013; Le Leu et al. 2015). Reductions were also
observed in bacteria, Ruminococcus gnavis, R. torques and E. coli, previously
associated with gut diseases (Le Leu et al. 2015). RS type 4 consumption also
resulted in higher SCFA level in the faeces of volunteers consuming these fibres.
These substantial shifts in bacterial composition imply that the different RS types
have the ability to select for certain groups of bacteria, despite a relative high
inter-individual variation. Combined, these studies strongly suggest a key role for
R. bromii in the degradation of RS and these bacteria have also been found to be the
predominant ones to colonise RS (Leitch et al. 2007a; Ze et al. 2012). It is also
worthwhile keeping in mind that these prebiotic effects are not universal, as some
volunteers are non-responders. The response in any volunteer will always depend
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on the initial composition of the gut microbiota which helps to explain the often
large inter-individual variation seen in human intervention studies examining the
gut microbiome.

Fibres, like NSP, with a very limited prebiotic effect because up to 75 % of the
ingested fibre is not fermented in the gut (Backman 2009; Roberts et al. 2010) and
no selective promotion of specific bacterial populations (Abell et al. 2008; Walker
et al. 2011) can still affect the gut microbiota. It is suggested that NSP can interact
with the intestinal bacteria via contrabiotic effects, whereby they prevent potentially
harmful interactions between bacteria and the gut epithelium that occur upon
dysbiosis (Backman 2009; Parsons et al. 2014; Roberts et al. 2010, 2013). The
contrabiotic effect has been tested for a range of soluble NSP’s and they are not all
equally effective. NSP from plantain bananas and broccoli seems to have greater
effect than NSP from apple and leek (Roberts et al. 2010). These tests have mainly
been conducted in vitro testing the ability of the fibres to block the attachment of
adherent, invasive E. coli (AIEC). Soluble plantain NSP’s have not only been able
to block AIEC but also adherent enteric pathogens, like Shigella spp., Clostridium
difficile, enterotoxigenic E. coli and Salmonella spp. (Parsons et al. 2014; Roberts
et al. 2013). Parsons et al. (2014) also demonstrated that NSP from plantain bananas
can block Salmonellosis in chicken when added to their feed and translocation of
Salmonella Typhimurium across isolated follicle-associated epithelium from human
ileum. It is believed that microfold (M)-cells overlying Peyer’s patches in the
human ileum and lymphoid follicles in the colon are potential points of entry for
AIEC (Roberts et al. 2010). It is suggested that the contrabiotic effect is mediated
via an interaction between the soluble NSP and the epithelial cell causing an
electrogenic chloride secretion preventing the adhesion of the pathogens (Parsons
et al. 2014). Another and more simple explanation is the direct interaction between
plantain NSP and E. coli, C. difficile and Salmonellae as they can all utilise plantain
NSP as an energy source (Roberts et al. 2010, 2013).

5 Dietary Fibre, Short Chain Fatty Acids and Their
Impact on Gut Health

Collectively, the microbes present within the GI tract can produce a vast array of
bioactive compounds, many of which can influence the functions of host tissues.
A comprehensive review of the many known gut microbe-derived metabolites and
their functions can be found elsewhere (Nicholson et al. 2012). We will focus our
discussion on the impacts of some of the primary fermentation end-products, par-
ticularly the SCFA, which are considered beneficial and largely a result of the
breakdown of dietary polysaccharides, and some toxic products such as ammonia,
phenols and hydrogen sulphide which are largely derived from fermentation of
dietary protein.
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The wide degree of variation in microbiota composition between individuals
would be expected to be reflected in different gut microbial metabolite profiles and
susceptibility to diseases. For example, levels of SCFA in the large bowel of
humans vary by ten-fold, and although dietary and environmental factors contribute
to the variation, microbial differences appear to play a major part (McOrist et al.
2011). Our understanding of what represents a normal or healthy complement of
gut microbial taxonomic units is poor, as is our understanding of the factors which
can disturb the commensal microbial populations and potentially impact health.
Studies examining the cause(s) and potential treatments of inflammatory bowel
disease (IBD) have provided our greatest insights into this area.

Gut microbes play a central role in the causation of IBD. For example, it is not
possible to induce ulcerative colitis (UC) in germ-free animals (Sellon et al. 1998).
Also, antibiotics can improve symptoms of IBD (Khan et al. 2011), as can diversion
of faeces away from the large bowel of individuals with UC by creation of a tem-
porary ileostomy. Conversely, it is also possible to induce diversion colitis in
individuals with an ileostomy (Harig et al. 1989), which suggests removal of healthy
microbes from the colon also has a detrimental effect. It is also now well documented
that the gut microbiota populations of individuals with IBD are significantly altered
compared to community controls (Manichanh et al. 2006; De Cruz et al. 2012;
Rajilic-Stojanovic et al. 2013), adding further support for a role in causation. A key
change is a reduced diversity, largely a result of a decrease in bacteria of the gram
positive Firmicutes phylum, especially Clostridium clusters IV and XIV, whereas
some bacteria belonging to the Proteobacteriaceae, particularly E. coli and
Enterobacteriaceae, are increased in relative abundance. Other pathogens such as
Fusobacterium sp., Peptostreptococcus sp., Helicobacter sp., Campylobacter
sp. and C. difficile also tend to increase in number (Rajilic-Stojanovic et al. 2013).

Much of the diversity of the human gut microbiota seems to be a consequence
of the need to use their enzymatic and metabolic machinery to breakdown and
utilise the wide range of polysaccharides available to us as food. In the large
bowel, the cells of the gut mucosa are reliant on fermentation by the resident
bacteria to generate SCFA in order to maintain their integrity and function, and
polysaccharides derived from the diet are the principal substrates for this. Of
particular interest then, are the observations suggesting an altered microbial
capacity to generate SCFA occurs in IBD (Galecka et al. 2013; Machiels et al.
2014). For example, significant reductions can be seen for the key butyrate
producers E. rectale, Roseburia spp. (Rajilic-Stojanovic et al. 2013) and F.
prausnitzii, the latter of which also has some other anti-inflammatory properties
(Sokol et al. 2008). R. bromii plays an important role in the initial breakdown of
dietary resistant starch (Abell et al. 2008), a substrate that is readily converted to
SCFA, and reduced abundance of this species is also associated with UC
(Rajilic-Stojanovic et al. 2013). Added to this, there are now a number of studies
which have shown that treatments which increase butyrate in the large bowel can
improve colitis symptoms using experimental animal models (Komiyama et al.
2011; Vieira et al. 2012; Le Leu et al. 2013). In humans, rectal administration of
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butyrate has been shown to improve diversion colitis symptoms (Harig et al.
1989), helping to prevent atrophy of colonic tissues (Luceri et al. 2016).

Enteropathogenic microbes such as certain strains of E. coli and Enterococcus
may contribute significantly to IBD and other gut conditions. In addition to the
evidence of raised numbers in affected individuals there is experimental evidence to
support such activities. To add weight to an important role for SCFA production,
and the microbes which mediate this, in helping to protect against effects of these
bacteria, the toxic effects of enterohaemorrhagic E. coli O157:H7 can be inhibited
in vivo through increased production of acetate (Fukuda et al. 2011b). The acetate
derived from bacteria of the genus Bifidobacterium was able to mediate this pro-
tection, suggesting potential for the use of appropriate strains as probiotics to treat
conditions where E. coli or other similar pathogens contribute to disease. It is
important to note that some strains of E. coli may benefit health e.g. by maintaining
insulin-like growth factor signalling to muscle and preventing wasting associated
with intestinal infections by certain pathogenic microbes (Schieber et al. 2015).
Nevertheless, increasing numbers of gram negative bacteria such as E. coli can
increase the risk of inflammation as components of their cell well, lipopolysac-
charide, promote inflammatory responses in tissues.

Despite numerous microbial species having been linked to IBD, it has not been
possible to consistently pinpoint any particular microbes as a cause. It is quite likely
that many gut microbes have the potential to trigger IBD under the right conditions,
especially those where host defences, particular the mucus gut barrier, are weakened
(Swidsinski et al. 2009). A large proportion of host immune defences reside within the
gut to deal with the threat of luminal microbes invading the tissues. One of the first lines
of defence is the mucus barrier which lines the gastrointestinal tract. Microbes are
present within the outer layer of this mucus, and many use it as a nutritional substrate,
but they are not normally present within the innermost layer. A breakdown of mucus
barrier integrity is implicated in IBD, in part because the numbers of bacteria that
contribute to large bowel mucus turnover have been shown to be altered in those with
the disease, i.e.A.muciniphila, Ruminococcus torques and Ruminococcus gnavus (Png
et al. 2010). Interestingly, some of these bacteria have also been found to be altered in
the stool of children with autism spectrum disorder, who also often report a significant
level of GI discomfort (Wang et al. 2011).

The maintenance of tight junctions between cells of the GI tract is also a critical
line of defence by helping to prevent passage of unwanted microbes or molecules
into host tissues. SCFA, but particularly butyrate, appear to play an important role
in the maintenance of tight junctions (Fukuda et al. 2011b; Suzuki et al. 2008).
A breakdown of this defence, a so-called ‘leaky gut’, may be a significant con-
tributor to inflammation in IBD and is also linked to a growing number of other
conditions (Michielan and D’Inca 2015). The recognition that a ‘dysbiosis’ of gut
microbe populations is a likely contributor to IBD has recently led to the testing of a
seemingly radical new treatment, faecal microbial transplantation (FMT), in which
an individual receives stool donated by healthy individuals. It is hypothesised that
the healthy complement of microbes will become established in the large bowel,
promote re-establishment of tight junctions, a protective mucus lining, repopulate
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the mucus layer with commensal bacteria and thereby curtail microbe-mediated
inflammation. Although relatively unproven for treatment of IBD and other con-
ditions where microbes contribute to the etiology, FMT is now firmly established as
a successful means of treating C. difficile infections (which often resist all other
known treatments) through rectal administration and through ingestion of capsules
containing stool (Borody and Khoruts 2012; Mattila et al. 2012).

Gut microbes and their products also appear to play a role in the aetiology of
colorectal cancer (CRC). Individuals with IBD have an elevated risk of CRC,
suggesting that microbe-associated inflammation can contribute to oncogenesis. In
otherwise healthy individuals there is a significantly greater risk of CRC when diets
high in red or processed meat and low in fibre, which are typical of western style
diets, are consumed (Norat et al. 2005; Murphy et al. 2012). A range of mechanisms
has been proposed to explain this. Dietary protein can escape digestion and undergo
fermentation in the large bowel, generating toxic by-products which can include
ammonia, phenols, cresols, amines, and hydrogen sulphide (Windey et al. 2012).
N-nitroso compounds (NOC) are alkylating agents which can also be produced
from meat proteins by the action of gut microbes and have also been suggested as
contributing to CRC through their ability to form DNA adducts in human colonic
cells (Bingham et al. 1996). There is growing experimental evidence in animals and
humans that consuming high levels of dietary protein, particularly as red meat,
increases the level of DNA damage in the colon (which is regarded as a required
step in oncogenesis) (Toden et al. 2007; Winter et al. 2011; Conlon et al. 2012;
O’Callaghan et al. 2012; Le Leu et al. 2015). These studies also show that addition
of fermentable dietary fibre to the diet in the form of resistant starch protects against
this damage through mechanisms that appear to be at least partly mediated by the
actions of SCFA produced by the microbiota. Gut microbes, including members of
Lactobacillus, Bifidobacterium and Bacteroides genera, mediate secondary bile
acid formation and turnover (Nicholson et al. 2012). These acids, particularly
deoxycholic acid, are potentially carcinogenic and there is evidence that their levels
are higher when SCFA levels are lower (Ou et al. 2012). Numerous species of gut
microbes have been implicated in CRC, and these may act through a variety of
mechanisms, such as the production of compounds like toxins or forms of reactive
oxygen which damage tissues, or through exclusion of beneficial bacteria (Yu and
Fang 2015). Some of the bacteria implicated include Fusobacterium nucleatum,
invasive bacteria found to be strongly associated with the neoplastic tissues of CRC
patients (Castellarin et al. 2012), Bacteroides fragilis, Enterococcus faecalis,
Helicobacter pylori and Strepococcus bovis (Yu and Fang 2015).

6 Short Chain Fatty Acids, Inflammation and Allergy

The SCFA products of dietary fibre fermentation by the gut microbiota are pleio-
tropic metabolites that elicit their biological effects via both intra- and extra-cellular
mechanisms. While un-ionized SCFA can cross cellular membranes by simple
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diffusion, with pKa values of around 4.8, the majority of these acids exist in the
ionised state at normal colonic pH. Therefore, most uptake of SCFA by the tissues
of the colonic mucosa is facilitated by membrane bound transporter proteins. These
include the low affinity/ high capacity transporters SLC16A1 (proton-coupled
monocarboxylate transporter-1, MCT-1), SLC16A3 (MCT-3) and SLC16A7
(MCT-16) which are important when SCFA concentrations are relatively high and
high affinity/ low capacity sodium-coupled monocarboxylate transporter-1
(SMCT-1; or SLC5A8) which are important when digesta and tissue SCFA con-
centrations are low. Low affinity receptors such as MCT-1 are distributed
throughout the gut with expression highest in the large intestine of most mammals
and reside on the apical (luminal) surface of the cell. In contrast, the high affinity
transporter SMCT-1, which also promotes water absorption, is expressed on the
apical epithelial membrane of the distal ileum and large intestine of mice, with
expression highest in the colo-rectum (Iwanaga and Kishimoto 2015). SMCT-1 is
also found on cells within the lamina propria (the tissue immediately below the
mucosal layers) where SCFA, particularly butyrate, influences immune cells and
enteric neurons (Vadivel et al. 2014). The relative affinity of SMCT-1 for its dif-
ferent SCFA substrates is: butyrate > propionate > lactate > acetate, which may
contribute to its proposed tumour suppressor role (Ganapathy et al. 2005).

Past research has focused on the ability of SCFA to modulate biological
responses by directly inhibiting histone deacetylases (HDACs) which results in
increased histone acetylation and altered gene expression. The potent HDAC
inhibitory effects of butyrate on the expression of genes that regulate proteins
involved in cellular apoptosis, cell cycle regulation and DNA repair that may
protect from colorectal oncogenesis (Fung et al. 2012) has received considerable
attention, although HDAC inhibition may be SCFA and tissue specific. Acetate has
recently been found to increase brain histone acetylation-state in rodents (Soliman
and Rosenberger 2011). The effects on the immune response of SCFA on HDAC
inhibition are largely anti-inflammatory (Tan et al. 2014) affecting not only cells of
the innate immune system (Lin et al. 2015) but also increasing Foxp3 gene
expression and the numbers and immunosuppressive function of T regulatory cells
in mice (Tao et al. 2007).

SCFA also modulate biological responses by activating G-protein-coupled
receptors (GPCRs), mainly GPR41 (FFAR3), GPR43 (FFAR2) and GPR109A,
which are expressed on the apical membrane of colonic epithelial and enteroen-
docrine cells (see reviews by Vadivel et al. 2014; Tan et al. 2014). GPR41 and
GPR43 are activated by all three SCFA with propionate the most potent agonist for
both GPR41 and GPR43, and with acetate more selective for GPR43 (Le Poul et al.
2003a). GPR109A is only activated by butyrate (Thangaraju et al. 2009) and is
expressed in adipocytes, intestinal epithelial cells and some immune cells (see
review by Singh et al. 2014). GPR43 was first described in neutrophils (Le Poul
et al. 2003a) and has since been described in other immune cells, the gastroin-
testinal tract including endocrine L-cells of the ileum and colon producing intestinal
peptide YY (PYY) and glucagon-like peptide 1 (GLP-1) (Tolhurst et al. 2012).
GPR41 is more broadly expressed in a number of tissues (Le Poul et al. 2003b).
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The gut intestinal barrier consists of a layer of epithelial cells and products
including mucus, immunoglobulins and other antimicrobial agents and microbes
that interact to provide a selective barrier to protect the host. The barrier enables the
uptake of water, electrolytes, nutrients and other molecules while preventing the
entry of antigens and microorganisms (Camilleri et al. 2012). The epithelium forms
the main physical barrier between the gut lumen and the mucosal tissues with
absorption occurring either transcellularly by active transport or passive diffusion,
or through the paracellular spaces between the cells by passive movement. The
selective paracellular barrier is maintained by three adhesive protein complexes:
desmosomes, adherens junctions, and tight junctions (Groschwitz and Hogan
2009). The tight junctions seal the intercellular space and involve claudins and
occludins that form the paracellular pore, and scaffold and other cytoplasmic pro-
teins including zonula occludens (ZO-1, 2 and 3).

Intestinal barrier dysfunction enabling gut translocation of bacteria causing
inflammation and autoimmune disease has also been suggested as a causative factor
in a range of diseases including irritable bowel syndrome (Piche 2014;
Vivinus-Nebot et al. 2014), inflammatory bowel disease (Michielan and D’Inca
2015; Ploger et al. 2012) (IBD), food allergies (Perrier and Corthesy 2011), celiac
disease, asthma (Hijazi et al. 2004) and types 1 (T1D) and 2 (T2D) diabetes (de
Kort et al. 2011). Butyrate, but not acetate, decreased bacterial translocation in cell
models (Lewis et al. 2010) and enhanced intestinal barrier function in vitro by
modifying the expression of the tight junction protein Claudin-1 (Wang et al. 2012).
Elsewhere, acetate has been shown to enhance gut barrier function and protect mice
treated with E. coli O157:H7 from translocation of Shiga toxin from the gut lumen
(Fukuda et al. 2011a).

Impaired tight junction function has been found in patients with Crohn’s disease
(Zeissig et al. 2007) (CD) and ulcerative colitis (Heller et al. 2005) (UC) and first
degree relatives of patients with Crohn’s disease have increased intestinal perme-
ability (Peeters et al. 1997). Paracellular permeability is increased in patients with
quiescent IBD and IBS-like symptoms associated with persistent subclinical
intestinal inflammation (Vivinus-Nebot et al. 2014). Butyrate-producing bacteria
are reduced in the faeces of CD (Takahashi et al. 2016) and UC (Machiels et al.
2013) patients compared to healthy controls. The physical and chemical protective
mucus layer is thinner and more variable in thickness in UC disease patients (Pullan
et al. 1994); in rodents, diets containing resistant starch delivering high concen-
trations of butyrate to the large bowel increased mucus thickness (Toden et al.
2014). However, the use of butyrate enemas to control or maintain relapse in IBD
patients has had mixed results (Breuer et al. 1997; Scheppach 1996; Steinhart et al.
1996; Hamer et al. 2010) which may be due to difficulty maintaining prolonged
mucosal contact. Butyrate metabolism is impaired in the inflamed mucosa of IBD
patients, which may be due to a reduction in butyrate uptake due to a downregu-
lation of the MCT-1 butyrate transporter in IBD (Thibault et al. 2007), leading to
the suggestion that butyrate deficiency is a causative factor for the inflammation
(Thibault et al. 2010). Butyrate delivered to the colon by butyrylated starch
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ameliorated colitis in an adoptive transfer mouse model whereas starches delivering
acetate and propionate had no protective effect (Furusawa et al. 2013).

Increased gastric and small intestinal permeability precedes the development of
diabetes in the BB rat (Meddings et al. 1999) and increased permeability resulting
in autoimmune destruction of the pancreatic beta cells may play a role in the
development of diabetes. Furthermore, glucagon-like peptide-2 (GLP-2), an
enteroendocrine peptide involved with satiety control released in response to the
ingestion of a prebiotic, improves barrier function and reduces LPS concentrations
in mice (Cani et al. 2009). Dietary resistant starch (RS) provides substrate for
colonic fermentation and the production of SCFA. These diets are associated with
improved bowel health, reduced abdominal fat and improved insulin sensitivity and
increased serum GLP-1 is likely to play a role in mediating these effects (Keenan
et al. 2015). Diets providing high levels of colonic SCFA may have potential to
improve metabolic control in type 2 diabetes (Puddu et al. 2014).

SCFA have been shown to affect the immune system through multiple mechanisms
that contribute to colonic health and homeostasis (see reviews by (Tan et al. 2014; Fung
et al. 2014; Vinolo et al. 2011b). These mechanisms include modulating chemotaxis
and the activity of macrophages and neutrophils (Maslowski et al. 2009; Vinolo et al.
2011a); the production of reactive oxygen species by neutrophils (Maslowski et al.
2009); suppressing pro-inflammatory and inhibiting anti-inflammatory cytokine pro-
duction bymacrophages and neutrophils (TNF-a, IL-2, IL-6 and IL-10), the interaction
of neutrophils with endothelial epithelium (Vinolo et al. 2009); andmodulatingNF-KB
activity by inhibition of HDAC activity (Inan et al. 2000).

SCFA also induce Treg cells from naive CD4+ T-cell precursors in the colonic
lamina propria by inhibiting histone deacetylases and facilitating Foxp3 expression
(Furusawa et al. 2013, Arpaia et al. 2013). SCFA have been shown to expand the
existing Treg cell pool via a GPR43-dependent mechanism (Smith et al. 2013). Treg

cells have an important role moderating allergic and inflammatory responses
(Sakaguchi et al. 2008) and may also be induced through the production of TGFb1
by Clostridia species from clusters IV, XIVa, and XVIII (Atarashi et al. 2013). In
addition, butyrate promotes anti-inflammatory properties in macrophages and
dendritic cells in the colonic lamina propria and enables them to induce differen-
tiation of IL-10-producing Treg cells via GPR109A signaling (Singh et al. 2014).

The route of administration may determine the effects of SCFA. When indi-
vidual SCFA are administered by drinking water they are largely absorbed in the
small intestine and acetate and propionate delivered by this route are more effective
at accumulating colonic Tregs than butyrate, suggesting acid absorbed in the small
intestine may be important for migration of Treg cells into the colon from lymphoid
tissues (Smith et al. 2013). Butyrate delivered in the drinking water increased
peripheral but not thymic or colonic Treg cells, whereas butyrate delivered by
enema increased Treg numbers in the colonic lamina propria (Arpaia et al. 2013).
Likewise, butyrate delivered luminally to the colon via butyrylated starch induced
colonic Treg differentiation but propionate delivered from propionylated starch was
less effective and acetate from acetylated starch had no effect (Furusawa et al.
2013).
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The anti-inflammatory effects of acetate administered in drinking water have
been demonstrated in animal models of colitis, arthritis and asthma. Acetate ame-
liorated disease symptoms implying a major role for the acetate-GPR43 axis
(Maslowski et al. 2009). Rodent studies suggest a maternal diet high in acetate may
reduce the incidence of asthma in offspring by influencing the expression of certain
genes in the fetal lung (Thorburn et al. 2015).

Early studies showed that SCFA are rapidly taken up in the large bowel with the
absorption of sodium and chloride (Rajendran and Binder 1994) and with the
secretion of bicarbonate (Fleming et al. 1991). SCFA have since been shown to
induce the activity of sodium-hydrogen exchange transporters (NHE) in intestinal
cells that promote the absorption of fluid and Na-H, SCFA-HCO3

− and Cl-SCFA
exchanges (see review Binder 2010). Multiple isoforms of NHEs have been
identified in intestinal epithelial cells but the activity of NHE3 (Musch et al. 2001)
is increased by SCFA and with NHE2 is found in the small and large intestine of
humans (Hoogerwerf et al. 1996). Butyrate also stimulates intestinal NHE8
expression enhancing sodium uptake in vitro (Xu et al. 2015). The transport protein
(s) responsible for SCFA-HCO3

− exchange have not been described (Binder 2010)
although a low-affinity, high capacity butyrate-HCO3

− process and a high affinity,
low-capacity proton-monocarboxylate co-transporter have been described (Lecona
et al. 2008).

Unlike several other intestinal transport processes, SCFA-stimulated absorption
of fluid and electrolytes is not inhibited by mucosal cAMP (Ramakrishna et al.
1990). Mucosal cAMP is produced in response to enterotoxins secreted by many
bacterial pathogens responsible for acute infectious diarrhoea, including Vibrio
cholera (Kimberg et al. 1971), S. typhimurium, Shigella dysenteriae type 1 toxin,
Campylobacter jejuni (see review by Binder 2009). Butyrate has been found to
restore the activities of NHE2 and 3 isoforms inhibited by cAMP in vitro
(Subramanya et al. 2007) and also decrease by 40 % the cholera-toxin induced
increase in cAMP (Subramanya et al. 2007). Hence, delivering SCFA to the colon
has potential to reduce fluid and electrolyte loss and improve the clinical response
to oral rehydration solution (ORS) in patients with acute infectious diarrhoea.

SCFA can be produced in the colon by the fermentation of ingested RS, and RS
added to ORS promotes fluid and electrolyte uptake in a perfused-gut rat model of
cholera-toxin (CT) diarrhoea (Subramanya et al. 2006). It also reduces fluid loss
and recovery time in human adults (Ramakrishna et al. 2000) and duration of
diarrhoea in children (Raghupathy et al. 2006). Acylated starches are largely
resistant to small intestinal digestion and deliver specific SCFA rapidly to the large
bowel (Clarke et al. 2008, 2011c). Acetylated starch was more effective at pro-
moting fluid and electrolyte uptake than RS or acylated starch delivering propionate
or butyrate in the perfused-gut rat CT model (Clarke et al. 2011a). This may be the
result of more rapid and complete release of bound acetate resulting from the more
disrupted starch structure compared to starches acylated with propionate and
butyrate. The acetylated starch shortened the duration of diarrhoea in patients with
acute infectious diarrhoea (Pal et al. 2013) but not faecal volume.
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7 Future Prospects

Modern techniques in metagenomics analysis continue to dramatically enhance our
understanding of how microbial taxonomy and the genetic potential of the human
microbiota change in health and disease and how they respond to changing envi-
ronmental conditions such as diet. However, this is only part of the equation.
Understanding how the function of the microbiota changes, how this impacts on the
health and wellbeing of the host and what levers can be pulled to efficiently shape
the microbiome and its function for improved health will be important areas for
future research.

Dietary fibre provides a glimpse into the multifaceted impacts that food and
xenobiotics can have on the microbiota and the host, and highlights the importance
of small molecule metabolites as mediators of change. As discussed above, pro-
vision of a fermentable substrate alone provides a growth advantage to bacteria in
the gut ecosystem capable of metabolizing these substrates. Selective pressure
within the gut microbial population is further modified by changes in the chemical
environment caused by the accumulation of the metabolic end products of fer-
mentation. Dropping digesta pH resulting from the accumulation of SCFA further
advantages some microbes over others while the SCFA themselves, pleiotropic
bioactive agents in their own right, provide vehicles to the host for energy salvage,
immunological signaling, promotion of gut homeostasis and repair, motility mod-
ification, cellular signaling (both via GPCRs and histone deacetylase inhibition) and
satiety promotion. But fibre is just one dietary substrate capable of modifying the
gut microbial structure and function. Other macronutrients entering the colon can
also promote the growth of other bacterial populations leading to the production of
other metabolites with different outcomes for other microbes and the host. Yet other
dietary molecules or phytonutrients may alternatively act by modifying the effi-
ciency of other microbial processes e.g. the inhibition of RS fermentation efficiency
by cutins and waxes (Edwards et al. 2012).

The human metabolome is very complex. Lipids alone have been estimated to
have the potential to generate 9000–10,000 different molecular species (Yetukuri
et al. 2008). With the gut microbiome carrying around 40 times the number of
protein coding genes as the human genome, it is likely that the metabolome pro-
duced by the gut microflora will be substantially more complex. While SCFA are
undoubtedly interesting and important metabolites, there are many other gut
metabolites of microbe, host or dietary origin, both known and yet to be identified,
that are capable of eliciting potent physiological effects. These include quorum
sensing and virulence factors that regulate the composition of the surrounding
microbiota as well as metabolites modulating host functions including the gut
immune system (Nicholson et al. 2005, 2012).

The challenge will be to bring together our growing understanding of factors
affecting the gut microbiome and the extent and variation in the gut metabolome
with knowledge of the associated impacts on host physiology to develop predictive
personalized approaches to health management and chronic disease prevention. But
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there remains much to be done. Expanding our knowledge of the gut microbiome
and its metabolic potential will be important. Only some 10 % of the currently
sequenced open reading frames in the microbiome are recognized as encoding
proteins with an assignable or predicted structural or enzymatic function. Further
our understanding of the metabolome is in its infancy while attribution of the
physiological impacts of metabolites continues to be assessed on a candidate by
candidate basis (Martin et al. 2007). While there is much important work to be done
in the expansion of these individual catalogues (genes, their function; metabolites
and their impact on physiology) there is now a real need to bring these areas closer
together. With the increasing use of high resolution spectroscopy methods to
analyse metabolite profiles of microbial origin, opportunities now exist to statisti-
cally integrate large and complex metabolic and metagenomic data sets, using
informatics to reveal pathways and putative functional relationships previously
inaccessible. However, validation of these proposed relationships will be crucial. In
this regard, the development of improved in vitro fermentation systems that more
accurately represent the processes occurring in the gut digesta and the availability of
gut organoid culture systems that accurately recapitulate biological responses of the
gut mucosa to bioactive metabolites are providing an exciting prospect of a medium
throughput screening of these in silico predictions en route to more classical animal
and human substantiation of the strongest candidates. While we are only in the early
stages of this new, data-driven revolution, if it lives up to its promise then the path
to a more detailed understanding of the gut, its metabolites and their impact on
human health becomes clearer and the promise of translating this knowledge to help
inform the personalization of health care, a tangible and exciting prospect.
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